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Introduction
Fiber reinforced plastics are being more attractive in many engineering applications due to their higher mechanical properties compared to their low weight [1] [2] [3] [4] [5] . The use of natural fibers as plastic reinforcement has raised the interest of academia and industry from an economic and ecological point of view [6] . In addition to the low production cost, the use of natural fibers is justified by the valorization of local resources and the enhancement of materials and technologies taking into account the environmental impacts and the sustainable development [7] .
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Most of the composite manufacturing technologies generate some burrs at the edge of parts. Profile milling is an important machining step for deleting the extended burrs and achieving the dimensions of final products [8] .
However, it's a complicated operation because of non-homogeneity in the internal structure of composite materials [9] .
Several scientific studies have addressed the machining of synthetic fiber composites [10] [11] [12] [13] [14] [15] [16] . But few works has been interested to the machining of natural fiber composites, especially the natural fiber reinforced plastics (NFRP). Previous works has been invested particularly in the drilling and milling operations in order to identify the overall variability behavior of NFRP during machining process in terms of surface roughness, cutting forces and delamination factor using statistical analysis of variance. These studies [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] show that the cutting feed rate has larger effect on the cutting forces, delamination factor and surface roughness, followed by the tool diameter for drilling process and depth of cut in the case of milling operation. The cutting speed has the lowest contribution on the modification of the cut surface state. In fact, cutting forces, delamination factor and surface roughness increase with the increase in feed rate, tool diameter or the depth of cut increase.
Comparative studies between NFRP and glass fiber reinforced plastics (GFRP) show clear difference in cutting behavior of these two materials [23, 25] . The NFRP generate less cutting forces than GFRP during machining, but have more delamination induced-cutting damage with rough cut surfaces. Moreover, the local properties of fiber influence significantly the cutting behavior of NFRP in terms of delamination factor and surface roughness levels [19] . This is a sign that NFRP machining is very closely related to the fiber cutting. This is proven by the fact that the natural fiber intrinsic properties and structures are themselves a composite material of cellulose fibrils in a matrix of amorphous hemicellulose and lignin [27] . However, the physical reasons of the nature fiber effect in the differences in NFRP cutting behavior are still not yet understood. In fact, the cutting process in these studies was considered based on a systematic approach which has as input the process conditions (cutting speed, feed rate, depth of cut …) and as output the global surface roughness (R a ). The feedback of the R a parameter is well known that is not relevant when machining composites materials [28] .
In this paper, multiscale approach [29, 30] was used to better understand the effect of fiber types when cutting NFRP materials. The tribo-energetic approach [31, 32] was used to identify the activated mechanisms during the tribological cutting contacts in machining and then establish the relationship between the fiber properties and induced-cut surface state of NFRP. The tensile stiffness and yield strength of each studied fiber are determined from mechanical properties of Each sample was polished at profile thickness of workpiece with the same grid size of sand paper before profile milling process.
Geometrical and superficial variations of each workpiece samples have been measured using a 2D Surfascan stylus profilometer. The tip radius of the diamond stylus is 2µm. The surface micro-profile on each specimen was taken along the machining direction over a sampling length of 4mm and at five locations. Each measurement has been performed before and after the profile milling test. Arithmetic mean deviation of roughness (R a ) is then determined according to the ISO4287 standard. Microscopic observations of surface state were made by scanning electron microscope (SEM) at low vacuum mode (21 Pa).
Profile milling experiments
Profile milling tests were performed on instrumented DMU60 monoBLOCK ® five axes CNC machine.
Clamping system was mounted on a Kistler dynamometer in order to measure the cutting forces (F x and F y in Figure 2 (b)). The milling tool chosen for this study is a helical carbide end mill of 12 mm of diameter and composed of two cutting edges with 25° of helix angle including polyglass flutes.
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Tests have been realized on dry cutting contact conditions varying the feed of milling tool. Being all other working parameters kept constant. Three values of feed (0.04, 0.08 and 0.12 mm/tooth) have been considered.
Cutting speed (V c ) was fixed at 47 m/min and depth of cut (a e ) was fixed at 1 mm. After profile milling process, the studied natural fibers have different morphological aspects. This difference corresponds to the cutting signature of each NFRP material due to the activated mechanisms during profile milling operation. Bamboo fiber composite has smooth appearance at fiber bundle section in addition to some detached fiber zones (Figure 3(b) ). Fiber shearing is not perfect because fiber bundle sections morphology is not observable like initial state (Figure 3(a) ). For miscanthus fiber composite, the same aspect is observed in addition to fiberfiber interface break in fiber bundle sections (Figure 3(d) ). Natural fiber section morphology differs from that of the initial state (Figure 3(c) ). However, Sisal fiber composites clearly exhibit the fiber-fiber interface failure that causes the formation of some hollow spots (Figure 3(f) ). The sisal fiber extremities that exceed the machining surface are longer and more important than bamboo and miscanthus fiber ones. Moreover, natural fibers are soft by nature due to their high cellulose content and this characteristic gives them the ability to deform under fiber-tool interaction [37] . Thus, in a contact between a rigid cutting tool and natural fiber, the energy can largely be dissipated through the deformation of the natural fiber. Then, the local deformation state of every area of the NFRP material when cutting (similar to viscoelastic material in contact with rough surface at extreme compressive and shear loading) is dependent on time and energy is dissipated by different mechanisms: friction, plowing and shearing. This may explain why the cutting process of NFRP is both a surface property (contact stiffness) and a volume property (internal behavior of natural fibers) since the cut surface of the fiber does not show a ductile regime (pure shearing).
Figure 2: a) experimental setup on five axes CNC machine. b) Schema of profile milling process

Results and discussions
Microscopic surface finish observations
Energetic analysis
Specific cutting energy has also been calculated from measured cutting forces in order to quantify the shearing mechanism contribution.
Specific cutting energy (W c ) is obtained from cutting power (P c ) formula (Equation 4).
Q P W c c  (4)
Q is the chip rate defined by Equation 5 .
Where a p , a e and V f are the width of cut, the depth of cut and the feed, respectively. Here, a p corresponds to the sample thickness (i.e a p =2 mm).
The cutting power is deducted from the cutting force, F t (Equation 6)
F t presents the tangential component of cutting force in local coordinate system (Figure 2(b) ) and its value is calculated from the measured cutting forces in global coordinate system (F x and F y ) as described by Kalla et al. in [38] . It's important to note that specific cutting energy values for each material are normalized by the fiber volume fraction in order to obtain comparable results. 
Figure 4 : Specific cutting energy for each NFRP
According to the intrinsic mechanical properties of natural fibers (Table 2 ) and the results of specific cutting energy (Figure 4) , the high stiffness of cutting contact makes the shearing of fibers easier, which is characterized by the lowest specific cutting energy. Bamboo fibers have the highest stiffness and present the easiest fiber shearing, but not enough to perform an ideal shearing during profile milling operation ( Figure 5(a) ). Indeed, cutting operation is preceded by a small sliding between fibers and milling tool before fibers shearing. Fiber extremities exceeding the machining surface still leaned in the feed direction ( Figure 5(b) ). In addition, the low fiber-fiber adhesion [39] can lead to the break of the interfacial liaison between elementary fibers during milling as observed on sisal NFRP and figure 5(c). 
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3.3
Workpieces surface finish Figure 6 shows an example of roughness profile of the different NFRP materials before and after machining process. The peaks correspond to the exceed fiber extremities of imperfect fiber shearing. The valleys correspond to the detached fiber zones or hollow spots caused by fiber-fiber interface break. It can be seen that sisal and miscanthus FRP roughness profile shows more irregularities than bamboo FRP roughness profile. In order to compare the finish surface state for the different materials, we calculated the global roughness gain ratio which it defined by the equation 7 [40] .
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R a init and R a end are respectively the surface roughness before and after profile milling process. Figure 7 presents the results of global roughness gain ratio for the three studied materials. Figure 7 shows that, after profile milling process, the final roughness value can reach to four times the initial roughness value in the case of sisal fibers. Bamboo and miscanthus seem to have the same behaviour in terms of induced-machining roughness. Feed rate doesn't have a significant effect on global surface roughness gain ratio.
The difference of global surface roughness between the natural fibers is consistent with SEM observations and energetic analysis. This comparison reveals that sisal fibers, which have the lowest cutting contact stiffness, are more contributing to the increase in surface roughness after machining because of the fiber extremities that exceed the machining surface ( Figure 5(b) ).
Multiscale surface analysis :
To correlate the cutting signature of NFRP with the cutting contact scale, we introduce a multiscale decomposition method of the surface topography based on wavelets transform [41] [42] [43] . This approach determine the multiscale transfer function of the morphological modification in surface topography after profile milling process denoted by Multiscale Process Signature (MPS) [29] .
The method consists in calculating the arithmetic mean roughness (M a ) on each decomposition scale "i" of the acquired roughness profile. Multiscale profile milling Process Signature (MPS i (%)) is obtained by calculating the ratio to the initial state of polishing (equation (8)). Figure 8 shows that the surface roughness level is depending on measuring contact scale. For the three fiber types, the roughness is maximal at scale corresponding to the fiber size (~ 1mm). The micro-roughness becomes quasi constant at scales lower than 100 µm, which correspond to the fibers section diameters of fiber bundles. The fiber type impact on surface roughness is clearly identified at scales between 100µm and 1mm. Figure 9 reveals that the micro-roughness is independent of the feed rate (scales between 10 µm and 100 µm). The feed effect on profile milling surface roughness can be observed from 200µm, which corresponds to the fiber bundle section scales and begins significant at composite scales. Miscanthus fiber composites are the most affected when increasing the feed rate. It shows that the feed increase contributes to the decrease of surface roughness ratio at fiber bundle section scales and composite scales. This exhibits that feed increase facilitates the fiber shearing during profile milling operation as it has been expressed by energetic analysis (Figure 4) , which show that specific cutting energies decrease with feed. 
Conclusion
Multiscale milling process signature at NFRP fiber scale based on the wavelets transform has been determined to identify the impact of natural fibers on surface quality and cutting mechanisms. It makes possible to connect the surface topography modification to the mechanical properties of natural fibers. Then, multiscale topographic signature can be used as descriptor of natural fibers influence on profile machining mechanisms of NFRP. It shows that machining surface roughness decreases linearly with fiber stiffness. The natural fiber shearing during cutting contact is clearly dependent of fiber stiffness and elementary fiber adhesion. The low fiber stiffness associated to the low fiber-fiber adhesion induces a viscoelastic behavior of fibers through compositetool interaction. This generates a small sliding between natural fibers and milling tool before the fiber shearing action and contributes to the surface roughness increase because of exceeded fiber extremities and hollow spots due to fiber interfaces break.
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